Spherical silica nanoparticles were fabricated from sodium metasilicate solution using urea as a precipitant.
Introduction
Silica nanoparticles are generally synthesized by tetraethyl orthosilicate (TEOS) as a precursor in alkaline medium 1) . Spherical, non-agglomerated silica nanoparticles are usually produced by this method 2) 3)
, and their particle size increases upon increasing the concentration of both TEOS and ammonia 4) . In addition to TEOS, sodium silicate solution is another low-cost precursor which is used for the synthesis of silica nanoparticles. Sodium silicate solution offers several advantages over TEOS, including its ability to form nanoparticles of uniform size in high yields 5) . The conventional synthesis of silica from sodium silicate solution is usually performed in acid medium 6) 7)
, which can often result in agglomeration of the particles 2) . However, the use of alkaline sodium silicate solutions as precursors for nonagglomerated silica nanoparticles has been less studied.
The production of metal oxide particles via homogeneous precipitation with urea has been demonstrated as a promising approach to the successful preparation of powders with controlled particle size and shape 8) ～ 10) .
On heating the aqueous solution of urea (NH2) 2CO, urea .
In the present study, we have investigated the preparation of spherical silica particles using urea, and apply them as supports for ruthenium-based catalysts for the hydrogenation of supercritical carbon dioxide into formic acid.
Experimental

Sample preparation
Spherical silica particles were prepared using a sodium metasilicate solution (SiO2 35-38 %, Na2O 17-19 %) and urea under hydrothermal conditions. All reagents were commercially purchased and used without purification.
Sodium metasilicate solution (0.24 -5.0 g) and urea (0.3 -2.4 g)
were dissolved in deionized water (15 mL) in a Teflon-lined stainless steel vessel, and the solution was heated at 393 K for 15 h. The suspension was filtered and washed using deionized water, and the powder product was obtained after drying.
Using these spherical silica particles as supports, M. The suspension was filtered and washed using deionized water, and the powder product was obtained after drying.
Characterization
The morphologies of the silica supports and the catalysts were observed using a Hitachi S-450 scanning . X-ray photoelectron spectra (XPS) was performed using an ESCA-3400 spectrometer (Shimadzu Co. Ltd.) equipped with a MgKα X-ray source (1253.6 eV) operating at 10 kV and 10 mA. The binding energies (BE) were corrected by reference to the C 1 s peak at 285.0 eV.
Catalytic activity
Hydrogenation of carbon dioxide was carried out in a 120-mL stainless steel autoclave with a magnetic stirrer (Taiatsu Techno). Triethylamine (4 mL) and deionized water (2 mL) were added to the supported ruthenium catalyst suspension including 2 g of the catalyst. The autoclave was heated to 353 K. The reactor was then pressurized to 5 MPa with H2, and carbon dioxide was introduced from a cooled (268 K) reservoir using a high pressure liquid chromatography pump until the total pressure was increased to 13.0 MPa. After the reaction for 3 h, the liquid mixture from the autoclave was analyzed with a Shimadzu GC 8A gas chromatograph equipped with a 15% TSG-1 on SHINCARBON A column (Shimadzu, 2 m × 3 mm) and a thermal conductivity detector, and the turnover number (TON) of formic acid, which is the number of moles of formic acid produced per mole of ruthenium, was calculated.
Results and discussion
We investigated the effect of the amount of urea on the morphology of silica particles. Fig. 1 shows SEM images of silica particles prepared using different amount of urea, and clearly indicates that the morphology depends on the amount of urea used. When 0.6 g of urea is used, the sample consists of micro-sized rock-like particles ( Fig. 1(a) ), indicating that the amount of urea is insufficient to react completely with the sodium metasilicate, and unreacted sodium metasilicate precipitates after drying the resulting sample.
Conversely, when 1.2 and 2.4 g of urea are used, the resulting samples consist of spherical particles with a diameter of ~1600 nm ( Fig. 1(b) , (c)), indicating that 1.2 and 2.4 g of urea is sufficient to completely react with the sodium silicate and produce homogeneous particles. In addition, the results of energy-dispersive X-ray spectroscopy (EDX) and XPS reveal that the main components of the particles are silicon and oxygen, indicating that the particles mainly contain silica. We also investigated the effect of amount of sodium metasilicate and urea on morphology of silica particles.
We also investigated the effect of the amount of sodium metasilicate and urea on the morphology of the silica particles. Based on the result shown in Fig. 1 , a constant molar ratio of urea to sodium silicate (1.2 g of urea / 5.0 g of sodium metasilicate) was used. Fig. 2 shows SEM images of samples prepared with different amounts of sodium metasilicate and urea, and in the inset of Fig. 2(a), the TEM image of the sample is shown. All the samples contain spherical particles, and the particle size depends on the amounts of reagents used. The particle size increases from ~20 to ~1600 nm upon increasing the amount of sodium metasilicate and urea, indicating that the concentration of sodium metasilicate and urea significantly influence the silica particle size. Fig. 3 shows relationship between sodium metasilicate concentration and the average particle size. The particle size increases parabolically with increasing sodium metasilicate concentration, indicating that the particle size increases via the aggregation of smaller particles. The tendency reflected their specific surface area, and the surface area of the spherical silica particles prepared with the amount of sodium silicate = 1, . In the present study, we prepared spherical silica particles over the temperature, thus it is possible that the primary particles of the silica particles homogeneously formed and aggregated to form larger particles.
Using the silica particles as supports for rutheniumbased catalyst, we investigated catalysts prepared by the impregnation method. The morphology of the supported catalysts does not significantly change after impregnation with ruthenium species. Fig. 4 shows XPS spectra of ruthenium species on the spherical silica particles. Samples of spherical silica particles with a diameter of ~1600 nm was used. The peak assigned to Ru 3+ species at 283.3 eV is shown in Fig. 4(a) , indicating that the surface ruthenium species is Ru(OH)3 39)
. It was also confirmed that there was no significant peak shift assigned to active ruthenium species after hydrogenation of carbon dioxide shown as in Fig. 4(b) . Fig. 5 shows the influence of the ruthenium The contents were calculated from results by energy dispersion X-ray spectroscopy. The ruthenium content of the supported catalysts increases with increasing ruthenium concentration used during impregnation. Fig. 6 shows the catalytic activity for the hydrogenation of supercritical carbon dioxide into formic acid over silica supported ruthenium catalysts prepared using different ruthenium concentrations during the impregnation process. This result indicates that the activity is significantly influenced by ruthenium concentration during the impregnation process possibly because the ruthenium concentration influences in dispersion of supported ruthenium species.
In order to understand the tendency in Fig. 6 , we investigated immobilization efficiency of ruthenium species over the silica supports depending on the particle diameter of the supports. Fig. 7 shows ruthenium content of the supported catalysts. A large amount of ruthenium species (3.9 wt.%) is supported on the smallest sized silica supports. Similar amount of ruthenium species (2.4-2.9 wt.%) are supported on the silica supports with the diameter over 130 nm.
This result indicates that small silica supports more efficiently immobilize ruthenium species. Based on this result, the activity of the supported ruthenium catalysts using silica supports with diameters of 20 and 1600 nm were compared. Fig. 8 shows the catalytic activity for hydrogenation of supercritical carbon dioxide to formic acid over the supported catalysts. In the present study, no other products except for formic acid were detected. Both the samples exhibit similar TONs, indicating the size of the silica support does not significantly influence on the activity for the hydrogenation reaction. In order to investigate reusability of the catalyst, the data for the recovery efficiency of the ruthenium content is also shown. The ruthenium species contained in the supported catalyst with small silica supports is more efficiently recovered compared with that from the catalyst using the larger silica support.
From the results shown in Fig. 2(a) and (e), the spherical silica particles with smaller particle size are more closely packed. Void spaces among the particles are small, and the ruthenium content is immobilized in the small void spaces.
Thus, the amount of immobilized ruthenium species on the silica support with small particle size after hydrogenation of supercritical carbon dioxide is larger than that on the support with large particle size.
Conclusions
Silica nanoparticles with a wide range of particle sizes was fabricated from sodium metasilicate solution with urea as the precipitant, and supported ruthenium catalysts on the silica nanoparticles for the hydrogenation of carbon dioxide into formic acid were investigated. Using urea to precipitate silica, spherical silica particles were obtained, and the homogeneity of the particles was improved by adjusting the ratio of sodium metasilicate to urea. Moreover, adjusting the concentrations of sodium metasilicate and urea, the particle size of the spherical silica particles was adjusted between 20 and 1600 nm, and increase with increasing amount of sodium metasilicate and urea. Using the spherical silica supports, supported ruthenium catalysts were prepared by the impregnation method. The amount of supported ruthenium depended on the concentration of ruthenium used in the impregnation process, and the catalytic activity for the hydrogenation of carbon dioxide into formic acid increased with increasing ruthenium content in the supported catalysts. The activity did not significantly depend on the particle size of silica supports, while the amount of ruthenium supported after the reaction compared to the initial amount of ruthenium depended on the particle size of the silica supports, with a higher amount of ruthenium being immobilized on silica supports with smaller particle size.
